Abstract-First, we report on the design, simulation and measurement of a 2-4 GHz conformable antenna optimized for skin contact and implemented on a flexible printed circuit for integration into a wearable device. Second, we experimentally verify the suitability of appropriately long (∼ 10 cm) microstrip traces for the wearable system signal distribution network, which features varying radii of curvature. Consequently, the contribution of the here reported work is two-fold. First, the experimental results obtained both with breast phantoms and on-body measurements, demonstrate a return loss below −10 dB in the desired frequency band. Phantom results also show a through-breast transmission coefficient of above −40 dB at the centre frequency of 3 GHz. Second, and essential for signal integrity in our target application, the results show that the longitudinal curvature of such a microstrip does not increase transmission line losses.
INTRODUCTION
Microwave detection of early-stage tumors has been proposed as a complementary technique to the current standard of x-ray mammography [1] . Microwave methods offer potential benefits in that 1) they do not require ionizing radiation, allowing for frequently repeatable breast scans; 2) scans do not require breast compression; and 3) microwave components are generally lower in cost than x-ray components [1] , reducing barriers to patient screening. Typical microwave systems operate either in the time-domain (with use of a pulse generator and an oscilloscope) or in the frequency-domain (with a network analyzer) [2] [3] [4] [5] . For both methods, antenna arrays (multistatic and monostatic) and switching networks (to select which antennas are active at a given time) are common elements of the design. A wearable form factor is frequently not addressed by proposed solutions, most of which are 'bench-top' demonstrations.
In this work, we begin to adapt our early prototype detection system [6] , which is built into a patient exam table, towards a wearable form factor by examining how key circuit components can be integrated into a flexible 'brassiere-like' circuit board. A wearable system has many potential cost and size advantages over the tabletop approach, which requires a patient to lie prone on specialized equipment. A reduced form factor would open doors to potential home-use or outpatient systems for breast health monitoring in which scan data is collected easily by the patient and sent to the health care provider for analysis.
In the proposed system, the requisite antennas would contact the skin directly, without the need of messy matching or immersion liquids that needs frequent replacing. The proposed architecture would integrate on a single circuit board several components that take up significant space in our first prototype: 16 end-launch antennas, a rigid radome to hold the antennas in place, an automated switching network, and all feed lines between the switches, antennas, and input/output.
In this work, we focus on key components of the proposed system development: the antennas and the network of transmission lines that must be used to route signals over a breast-sized and shaped surface. In our early system prototype [6] , the sensing array used sixteen Traveling Wave Tapered and Loaded Transmission Line Antennas (TWTLTLAs, [7] ). Since the antennas had an end-fire radiation pattern, they had to be kept perpendicular to the breast surface and housed in a rigid radome that allowed them to radiate optimally into the breast tissues. The result was a bulky and fragile bowl-shaped radome,with slots that held the antennas, while the breast of a patient lying prone and face-down on a table was positioned inside it. Further, data was collected from the multistatic antenna array using a 16 × 2 electromechanical switching network composed of four independent 8 × 1 s and eighteen 2 × 1 s, an expensive and bulky solution.
Integrating both the switching network and the antenna array onto a wearable circuit board would represent a significant improvement in both system cost and ease of patient use by allowing them to wear the unit while seated or standing. In studying the integration of these elements, fundamental questions emerged about how the curvature and size of the board required by this application would affect both transmission line and antenna performance. The revised design required the routing of GHz-range signals on a curved board through an integrated solid-state switching network over long breast-scale (∼ 10 cm) distances. Despite a preponderance of available literature on flexible circuitry and antennas, the authors found no published reports that experimentally demonstrating how planar transmission line behavior might change with pronounced flexing along the long axis (in the direction of propagation), while classical theory predicts that additional radiative losses could occur (due a sufficiently high radius of curvature acting as a discontinuity). Thus, in this work, we present transmission data from 1-40 GHz (well beyond our application space) for a microstrip implemented in a flexible transmission line for varying radii of curvature. Our choice to investigate microstrip (rather than a coplanar alternative) was motivated by our intention to use this geometry for the long (∼ 10 cm) distribution lines required of our anticipated system design, for which loss behavior, trace width and layout simplification were deciding factors. Coplanar feed lines are anticipated for the completed system's antennas but were not investigated for longitudinal curvature due to their very short lengths (< 1 cm) in our design.
In contrast to the gaps in the literature on the flexing performance of transmission lines, several works have discussed flexible broadband antennas [8] [9] [10] [11] . However, measurement results on a flexing antenna are rare [8, 9] . Furthermore, works describing compact antenna arrays [12, 13] , have shown how planar arrays can be applied to breast cancer detection; however, neither presents experimental evidence on physically flexed arrays.
Here we present the design and experimental testing of an elliptical patch antenna and a microstrip trace when flexed on surfaces of known curvature. Our findings suggest that there is a negligible increase in radiative losses for uniformly-applied radii of curvature in microstrip as observed from 1-40 GHz. We also confirm the operation of our antenna design with acceptable return loss for the 2-4 GHz band, under flat and flexed conditions.
EXPERIMENTAL SETUP
Our long-term goal is to design a wearable system that contains 16 antennas conformed to a curved printed circuit board (PCB) that is approximately breast-shaped. The antennas will be evenly distributed around the board so as to maximize coverage of the breast. Transmission lines to and from all antennas will be routed on the surface of the flexible circuit board in microstrip technology and a microstrip-to-coplanar layer transition will be implemented at each antenna feed point. The microstrip distribution network and antennas will both be flexed to conform to the breast.
The design target for this wearable system is a breast monitoring application: healthy patients will undergo regular, frequent breast scans, enabling future scans to be compared to earlier ones to identify if any tissue abnormalities are developing [6] . In this way, the system will be calibrated with the initial breast scan of a given patient, and the data set will consist of a later scan of that same patient. The following paragraphs describe the microstrip transmission line networks, which will be tested in conformed implementations, followed by a discussion of the antennas.
For our transmission-line testing, we wished to investigate any potential losses that could be incurred by a high-degree of longitudinal flexing, so we constructed an 8.9-cm long 50 Ω microstrip trace of width 0.28 mm on a flexible Rogers Ultralam R 3850 board (relative permittivity ε r = 2.9 at 10 GHz) of 101 µm thickness with 1/2 oz. bare copper metallization. The traces were connectorized using end-launch SMA adaptors and connected to a calibrated 40-GHz Anritsu 37369A vector network analyzer (VNA). S-parameter measurements were recorded for various radii of curvature by placing and affixing the microstrip to the curved surface of several 3-D printed cylindrical structures (see Fig. 1 ) of differing radii of curvature of interest, ranging from 60 mm to 20 mm. A baseline S-parameter measurement for zero curvature was obtained for comparison.
We then designed a flexible, compact antenna based on an elliptical monopole patch with a coplanar waveguide feed, similar to the one presented in [11] , except designed for the 2-4 GHz range and for use in close contact with skin. As was shown in [14] , the 2-4 GHz range is good trade-off between the high resolution yet high attenuation at higher frequencies and the undesirable multiple reflections caused by low attenuation (high penetration) at lower frequencies. The proposed design improves over typical antennas used for this application, for example in [4, 7] , and [15] [16] [17] , by being simultaneously compact, simple and low-cost to fabricate, extremely flexible, and exhibiting wideband broadside radiation. This antenna type was also chosen for its omnidirectional radiation pattern, as, especially with a limited number of sensors, it is important to have the radiation beams of the transmitter and receiver overlap at all locations in the breast for several possible transmitter and receiver combinations, otherwise a potential tumor could be overlooked [18] .
As in the case of the printed microstrip traces, the antenna was designed on 101 µm Ultralam 3850 to exhibit an input impedance of 50 Ω (matched to the chosen feed line and connector impedances) when placed directly against the skin. In numerical simulation, the antenna was modeled as flat and was covered on one side with layers mimicking typical properties of breast tissues: 2.5 mm of skin (ε r = 40, conductivity σ = 2 S/m, and loss tangent tan δ = 0.2996), and 80 mm of high-adipose content tissue (ε r = 10, σ = 0.4 S/m, tan δ = 0.2397). These dielectric properties were chosen to match reported tissue properties at the centre frequency of 3 GHz; the ranges of measured dielectric properties for breast tissues can be found in [19] (for skin), and in [20] (for low-and high-adipose content tissues). We performed simulation and measurement of the antenna behavior on a flat phantom surface to confirm its behavior before proceeding to measurements under various curvatures.
Numerical optimization for lowest return loss suggested a coplanar waveguide (CPW) feed having a width of 1.05 mm and a slot width of 0.111 mm on either side. The elliptical patch had a major radius of 9.5 mm and an ellipse ratio of 1.4. The antenna footprint was 24 × 32 mm 2 , not including the feeding section used to connectorize to a right-angle coaxial cable for SMA-connectivity and ease of network analysis. In its intended application, an array of these antennas will be implemented on a multilayer flexible circuit board, with the signals to and from the antennas and feed lines routed ultimately to a connectorized board edge on the top layer in microstrip. As the curvature of each individual antenna in the array will be unique, we optimized under flat conditions and then evaluated the impact of various Figure 1 .
Photograph of the fabricated microstrip trace curved over a surface. curvatures. From simulations, we are able to determine that the antenna, when in contact with skin, has a near-field radiation pattern that is near omnidirectional and broadside; the precise radiation pattern will vary depending on the complex geometry of the breast with which the antenna is contacting. We also note that the radiation efficiency is 47%. In Fig. 2 , we show the model of the simulated antenna designed in ANSYS HFSS R along with a photograph of the corresponding fabricated antenna, which includes via holes for a 5-pin coaxial connection. In measurements, synthetic breast tissue-mimicking materials ("phantoms") were needed in order to test the antenna. All phantoms used in this work are created using the methods and materials demonstrated in [21] .
RESULTS
In Fig. 3 we present experimentally measured results for an 8.9 cm microstrip trace with a varying radius of longitudinal curvature. The topmost graph presents the transmission losses (S 12 ) for various radii and the flat reference, while the bottommost graph plots the differences in measurement for these radii and the reference. Our results serve to confirm that the transmission behaviors of the traces are nearly identical (less than 1%, or < 0.1 dB difference) for any radius of curvature across the investigated bandwidth of 1-40 GHz. No discernable correlation was noted between the S 12 results and the radii of curvature, indicating that physical factors of simply moving the microstrip from one curved surface to the next were more disruptive than the increased curvature itself. The slight ripple evident in the response has a ripple frequency of approximately 1.1 GHz, and can be directly attributed to harmonics of a long-path resonance along the entire microstrip due to the slight mismatch introduced at the endlaunch connectors. This can be verified using the classical formula (1) assuming the resonance occurs when the path length L = 8.9 cm is one-half of a wavelength.
In this equation, c is the speed of light in a vacuum and ε eff the effective relative permittivity of the quasi-TEM mode of the microstrip. In this case, ε eff is about 2.35 based on the properties of the substrate. Even in the most severe case of bending and at the highest recorded frequency, there was no apparent correlation between the bend radius and the transmission, with a negligible difference noted from a flat reference measurement and no noteworthy distinction between the various measurements. The authors obtained a similar result for a grounded CPW trace with the same center trace width and length. This result is not unexpected and serves to demonstrate that the influence of longitudinal curvature on microstrip operation is negligible.
We next present the flexed antenna measurement data. The first set of measurements were performed on cylindrical, tissue-mimicking phantoms (without skin) meant to allow us to isolate flexing on different axes. The phantoms have a height of 8.23 cm, and radii r1 = 8.23 cm, r2 = 12 cm, and r3 = 16.5 cm. These sizes are chosen to approximate typical breast curvatures. The return loss (S 11 ) was measured for two orientations of the antenna with respect to a cylinder: orientation o1 denotes that the antenna's main axis (long axis of the elliptical patch) is aligned with the axis of the cylinder; orientation o2 is a 90 • rotation with respect to o1 wherein the antenna axis is perpendicular to the cylinder axis as shown in Fig. 4.   o1 o2 Figure 4 . Diagram of the antenna orientations for S 11 measurements on cylindrical phantoms. Figure 5 illustrates the simulated and measured S 11 for the flexible antenna over the 1.5-4.5 GHz range. The measured data demonstrates that the return loss is well below −10 dB over the entire 2-4 GHz range of interest for all measured antenna positions and curvatures. The S 11 did not deteriorate significantly with higher levels of flexing in either position but did experience up to 10 dB of change (for example, see the traces for r3 at 2.7 GHz).
In Fig. 6 , we depict the measurement scenario for antennas curved against the side of a hemispherical (r = 6.5 cm) tissue-mimicking phantom. This breast phantom has curvature in both dimensions, and also features a skin-mimicking layer. Both the skin and interior breast tissues are designed to have dielectric properties that approximate the actual tissue properties. Fig. 7 plots the measured S 11 for an antenna conformed to the hemispherical phantom. The measurement results confirmed that the return loss was sufficiently below −10 dB for proper antenna operation in the 2-4 GHz target range, for both the curved surface and the flat reference. The values were in the same range as those of Fig. 5 for the cylindrical (one-dimensional bending), suggesting that the amount of curving needed for the antenna to flex around the phantom is not detrimental to the antenna's radiative behavior.
We also validated the transmission capabilities of the proposed antenna array through the breast tissues by measuring the transmission coefficient S 21 between two of the flexible antennas located on opposite sides of the hemispherical phantom, at three distances of approximately 9, 10, and 11 cm apart, as shown in Fig. 6 .
These distances are representative of those that could be expected for antennas co-located in a coronal plane around a breast with a D cup size. In this measurement, the antennas were oriented similarly: curved around the phantom with the ellipse axis parallel to the plane of the chest wall. As the S 21 would understandably vary for different relative positions of the transmit and receive antennas within the array, the parameter is measured here with antennas directly across each other on the hemisphere at different 'heights', where the flat chest wall is taken to be zero height. Further, antennas that are closer together are, by the geometry of the curved surface to which they are conformed, necessarily at more of an angle relative to each other than antennas that are further apart (which are almost parallel). Thus, the polarization for these transmit-receive antenna pairs does not match up as well, which can result in a minor loss in the amplitude of the transmitted signal. However, due to the complex scenario, with multiple interfaces at oblique angles and corresponding wave scattering,it is not straightforward to identify if the decrease in attenuation for closer antennas is offset by the polarization mismatch between their orientations or not. The resulting data is also plotted in Fig. 7 . The S 21 is strongly dependent on the relative antenna positions, as is typical in such arrays, and varies from approximately −25 dB to −28 dB at 2 GHz up to −41 to −58 dB at 4 GHz. As expected, the transmitted power is attenuated for higher frequencies due to increased propagation loss, which is measured to be twice as high at 4 GHz as it is at 2 GHz for this particular tissue-mimicking material. A similar attenuation in S 21 over the 2-4 GHz range is shown in [5] , for measurements on a 55-year old volunteer. Lastly, we show the S 11 measured on-body of an actual patient volunteer. For this measurement, the antenna was pressed onto the skin in a curved position approximately similar to that of either one of the antennas of position 3 in Fig. 6 . This result is provided in Fig. 8 and demonstrates that the S 11 is well below the required −10 dB for the entire frequency range of interest. The measured data on-body shows that the return loss is less constant over the frequency range than it was for phantom measurements; however, the average return loss value over our frequency range is in line with that of curved measurements on the hemispherical phantom. We note that direct comparison between the phantom measurements presents a challenge as we do not know the precise dielectric properties of the skin and interior tissues for the patient volunteer, and as such they may be somewhat dissimilar to the phantom properties. Further, the exact curvature of the antenna is difficult to calculate when the antenna is located on-body because it conforms to the skin, which is an irregularly shaped object that is neither cylindrical nor spherical.
CONCLUSION
In this work we have illustrated the feasibility of using transmission lines and antennas on flexible surfaces suitable for a more integrated approach to microwave breast-cancer detection. Verifying the performance of these elements on curved breast-like surfaces and on-body moves us closer to an integrated, low-cost and patient-friendly detection system. Near-future work in integrating the system will involve a full system demonstration and miniaturization of its active components (e.g., the pulse generation and measurement apparatus).
